Vectors derived from the DrosophUa P element transposon are widely used to make transgenic Drosophila. Insertion of most P-element-derived vectors is nonrandom, but they exhibit a broad specificity of target sites. During experiments to identify cis-acting regulatory elements of the Drosophila segmentation gene engrailed, we identified a fragment of engrailed DNA that, when included within a P-element vector, strikingly alters the specificity of target sites. P-element vectors that contain this fragment of engrailed regulatory DNA insert at a high frequency near genes expressed in stripes.
Of the many transposable elements in Drosophila, the P element has attracted the most interest because of its uses in transposon-tagging and in making transgenic Drosophila (1) (2) (3) . Both natural and genetically engineered P-element derivatives have been studied extensively. Neither inserts randomly throughout the genome, but both exhibit some specificity in target preference (1) (2) (3) . For most P-element derivatives, this target specificity is very broad; it has been estimated that about half of the genes in Drosophila are targets for P-element mutagenesis (1) . Because the specificity for target site insertion is so broad, nonrandom insertion is only evident in experiments with large numbers of independent insertions.
In contrast to the very broad specificity observed with most P-element derivatives, Hama et al. (4) reported that P-element derivatives containing >3.4 kilobases (kb) of upstream regulatory DNA from the segmentation gene engrailed (en) insert at a very high frequency near the endogenous en gene. This target preference was evident when only a very small number of independent insertions were generated; remarkably, 7 out of 20 insertions were in the vicinity of the en gene. In contrast, using a modified P element that did not contain en regulatory DNA, Bier et al. (5) found only one insertion near the en gene in a sample of 3768 independent insertion events.
We have also found that P-element derivatives containing small fragments of en DNA insert in the genome in a selective manner. The P-element derivatives that we have characterized, however, not only insert at a high frequency near the en gene but also target additional genes. Like engrailed, many of the other genes targeted by our modified P element are expressed in striped patterns in embryos. Based on the nature of the targets and their apparent lack of sequence similarity to engrailed, we propose a model for how targeted insertion occurs.
MATERIALS AND METHODS
The P-element vectors used in these experiments have been described (6) (7) (8) and are shown in Fig. 1 . In the first experiment described below, the chromosomal location and lacZ expression pattern from six lines of P[enl] and 27 lines of P[en2] were determined. For transgenic lines that contain the engrailed intron, only the position-dependent pattern is considered in this paper (see Results).
The enhancer detection experiment was performed as described by Perrimon et al. (12) . Briefly, an insertion of P[enl] on the second chromosome (at 45E; containing rosy as the selectable marker) was mobilized using a genomic source of the transposase (13) . Four lines obtained from this mobilization had insertions on the CyO chromosome. The transposon in each of these 4 lines was again mobilized using P[ry+A2-3]99B (13) . From this experiment, lacZ expression patterns of embryos from 143 lines were analyzed. Although we did not localize the sites of insertion in these 4 starting lines, all had a different lacZ expression pattern, and thus we presume the transposons were at independent locations. One of the starting insertions was at wingless. Transposition events from all four sites generated transgenic lines that had striped lacZ expression patterns. Because transposition events can occur premitotically (3), we could not be sure that all our lines derived from the same parents were independent. Therefore, we have not included 12 lines (including 8 lines that gave striped patterns) in the final analysis because we could not be sure that they arose independently. If these lines were, in fact, independent events, it would only increase the frequency of targeted insertion.
Detection of lacZ expression was either by enzymatic staining (discs) (4) or by immunoperoxidase staining using a monoclonal antibody against 8-galactosidase (on embryos, used at a dilution of 1:1000; from Promega). The biotinylated horse anti-mouse antibody (Vector Laboratories) was used at a final concentration of 1:500 and was detected using the ABC kit (Vector Laboratories). Localization of insertions in polytene chromosomes was done using a nonradioactive method with digoxigenin-labeled probes (Boehringer Mannheim).
Inverse PCR amplification of P-element flanking sequences was carried out using the protocol of Ochman et al. (14) with digoxigenin using the Genius kit (Boehringer Mannheim), and hybridized to wild-type embryos to detect RNA transcribed from the region (17) . From the three insertions at 40A, three phage were isolated from the PCR products; these phage were mapped using restriction enzymes and two were found to overlap. RESULTS P-element constructs used in initial experiments were originally made to test the function of en regulatory sequences (6 Fig. 1 ), en-like f3-galactosidase stripes were observed early in development, independent of the position of insertion in the genome (6) . Thus en intron 1 contains the information to give en-like stripes. We will refer to these en-like stripes as the positionindependent pattern. During the course ofthese experiments, we noticed two unusual things about transformants that contained the engrailed fragment present in P[enl] and P[en2]. (i) A high number of transformants (6 out of 33) had, either in place of or in addition to the intron-induced pattern, position-dependent striped patterns that were either temporally or spatially distinguishable from the positionindependent pattern. (ii) Localization of our 33 P-element insertions by in situ hybridization to polytene salivary gland chromosomes showed that three locations had two independent inserts (cytological locations 61D, 78E, and 98DE). In situ hybridization to salivary chromosomes oftransheterozygotes of each pair indicated that the two P elements at each location were inserted at sites indistinguishable by this method. In addition, two insertion events had occurred in segmentation genes, one in engrailed and one in hairy. Thus these data led to the hypothesis that the en fragment in P [enl] and P[en2] might be directing insertion of P elements to a limited number of sites in the genome and that some of these sites might be segmentation genes.
In a second experiment, we used P[enl] (which contains only promoter activity) in an enhancer-detection experiment. We examined embryos collected from 131 insertion lines and found that 17 lines (13%) expressed j3-galactosidase in striped patterns. This is significantly different from the 3.6% (135 out of 3768) found in the extensive enhancer-detection study of Bier et al. (5) (P < 0.0001 by a x2 test for homogeneity) and consistent with the high number of position-dependent striped patterns we obtained in the experiments described above (6 of 33 is not significantly different than 17 of 131, 0.3 < P < 0.4). The high frequency of stripe-expressing lines might be due to one of the following two reasons: (i) the en fragment contains the information to generate stripes but needs an enhancer to make this evident or (ii) the encontaining P element is inserting in the genome in a nonrandom manner with a higher probability of insertion near genes normally expressed in stripes. To distinguish between these two possibilities, we localized (by in situ hybridization to polytene chromosomes) all those P-element insertion sites that gave striped expression patterns (and a number of others that gave interesting patterns). The chromosomal localization data support the hypothesis that P[enl] is inserting near genes that are normally expressed in striped patterns. Of the 17 insertion sites that gave striped expression, eight insertions mapped near known segmentation genes: six at en- Genetics: Kassis et al.
grailed (48A) and two at wingless (28A) ( Table 1) . Further, in the lines with inserts near engrailed, lacZ was expressed in an en-like pattern, and the lines with inserts near wingless had a wingless-like lacZ expression pattern ( Fig. 2 ; also shown is the P-galactosidase expression pattern from the transgenic line with the insert in hairy obtained in the experiment discussed above).
To obtain further evidence that the striped expression of lacZ is a reflection of regulatory sequences for genes near the insertion sites, we cloned genomic DNA surrounding three of the insertions (at 35C, 83E, and 87EF). We then used these genomic DNA fragments to detect RNA in wild-type embryos. The genomic DNAs recognized RNA expressed in striped patterns similar to the f3-galactosidase pattern in all cases (ref. 15 ; J. P. Vincent and J.A.K., unpublished data). These data also suggest that P[enl] preferentially inserts near genes that are expressed in stripes.
We have begun to further localize the DNA sequences responsible for preferential insertion by using P elements containing a smaller fragment of engrailed regulatory DNA. Seventeen transgenic lines from P elements that contain engrailed DNA extending from -400 bp through + 188 bp (P[en3], see Fig. 1 Although the sample size is small, these data suggest that at least some of the en sequences necessary for selective insertion lie between -400 and +188 bp.
We also generated 42 insertion lines with a vector (P[hsp], Fig. 1 (5) . These data strongly suggest that P elements that contain a specific fragment of engrailed regulatory DNA target genes that are expressed in striped patterns.
Enhancer detector experiments using promoters from other segmentation genes have been reported (12, 30) . Jacobs et al. (30) generated 284 lines using a P-element construct containing a 130-bp sequence from the fushi tarazu gene in front of a lacZ reporter gene. They found that 14 of the lines (5%) showed a common pattern of 8-galactosidase expression in the longitudinal glial cells. They determined the cytological location of the P elements for six of these lines and found them all to be different. This result is quite different from the results we obtained where lines that gave similar expression patterns had similar cytological locations.
Hama et al. (4) reported that 7 out of 20 P-element transposons containing 3.4 kb or more of engrailed regulatory sequences integrated in the chromosomal vicinity of engrailed. As they point out, the insertion events seem to be region-specific and not site-specific; P elements insert not at the same site but in the same chromosomal region. Three insertions were located at engrailed, one insertion was at invected, and three insertions were located in the next polytene chromosome subdivision 47F. Thus, integration events occurred over hundreds of kilobases into engrailed and nearby genes. We have localized 4 out of 7 of our insertions near engrailed. Two were located to engrailed, one was located to invected, and one was located to a site about 100 kb downstream of the engrailed gene (data not shown). Thus, the insertion events we observed were also regionspecific, not site-specific.
We of development. /3-Galactosidase expression is seen in the 10 tracheal pits (labeled T1 through A7) and the subsequent tracheal tree (Tr) and in the stomodeal and posterior midgut regions (arrowheads). hairy is also expressed in these regions (22, 23) . (c3) (3-Galactosidase staining in a third instar wing disc; the thoracic region (T) is labeled as well as the midline of the presumptive wing blade. This is a subset of the expression of hairy in the wing disc (24 (27, 28) . The molecular mechanism for this selective insertion is unknown; however, recent evidence implicates features of RNA polymerase III transcription in Ty3 target selection (27) .
Selective insertion has also been observed for the avian retrovirus Rous sarcoma virus in turkey embryo fibroblast cells (29) . In this system, Shih et al. (29) found a small number of sites in the genome that were used at a frequency of one million times the expected frequency for random insertion. At the high-frequency target sites, independent insertion events always occurred at the same nucleotide. There was, however, no sequence similarity between different highfrequency targets. Thus Shih et al. (29) suggest that a structural feature could be directing insertion events.
Our results showing selective insertion of P[en] are similar to those described above in that many different genes are targeted by the transposon. Our results differ, however, in that insertion events do not occur at specific DNA sites but rather in "regions" of the chromosome. What causes this selective insertion? We favor a model whereby a protein(s) bound to the en fragment within the P element brings it to a particular region of the genome by protein-protein or protein-DNA interactions. The proximity of the P element enhances the probability of insertion within the targeted genomic region. Our model predicts that the targeted genes share a common structure or location in the nucleus. For example, the targeted genes might contain cis-regulatory DNA that interacts with a common DNA-binding protein that can interact with a protein bound to P[en]. Because P-element transposition occurs in the germ cells, the genes targeted by this element must have a related structure in this cell type. We also suggest that there is a concentration of target sites in the vicinity of the engrailed gene causing the high frequency of insertion near this locus.
